Musical instrument sounds have distinct timbral and emotional characteristics, and when audio processes are applied to them their timbral and emotional characteristics are changed. This paper investigates the effects of MP3 compression on the emotional characteristics of eight sustained instrument sounds using a listening test. We compared the compressed sounds pairwise over ten emotional categories at several bit rates. The results showed that MP3 compression strengthened neutral and negative emotional characteristics such as Mysterious, Shy, Scary, and Sad; and weakened positive emotional characteristics such as Happy, Heroic, Romantic, Comic, and Calm. Interestingly, Angry was relatively unaffected by MP3 compression. Probably, the background "growl" artifacts added by MP3 compression decreased positive emotional characteristics and increased negative characteristics such as Mysterious and Scary. For instruments, MP3 compression effected some instruments more and others less. The trumpet was the most effected and the horn by far the least.
INTRODUCTION
Different musical instruments have different sounds, timbres, and emotional characteristics. For example, a trumpet sound can be high or low, loud or soft, muted or open, and played on trumpets in different keys (e.g., Bb, C, or Eb). They are all trumpet sounds, and experienced listeners recognize them all as trumpet sounds. At the same time, each of these trumpet sounds has its particular sound color or timbre, influenced by the temporal and spectral envelopes of the sound.
Whenever the timbre changes even a little, at least some of the emotional characteristics of the sound change with it. For example, if a trumpet sound is higher, faster, louder, or brighter, it will generally become higher arousal in character and be perceived as more heroic, joyful, or angry depending on the particular musical context. A variety of previous research has considered different aspects of music emotion [1] [2] [3] [4] [5] [6] [7] [8] , including many papers on the connection between timbre and music emotion [9] [10] [11] [12] [13] [14] [15] [16] [17] . In particular, several studies have focused on individual musical instrument sounds where emotional characteristics were compared among various instruments, sometimes at different pitch and dynamic levels [18] [19] [20] [21] [22] [23] [24] [25] [26] . This work has found distinctive emotional characteristics for each instrument and strong correlations between particular emotional characteristics and timbral features.
In addition to aspects directly manipulated by the performer on the instrument (such as pitch), any audio processing applied to a sound will potentially change the sound, its timbre, and emotional characteristics [27] [28] [29] . For example, artificial reverberation added to a sound can make it more romantic and mysterious [29] .
Other audio post-processes that have nothing to do with the music, instruments, or recording environment can also change the sound, its color, and emotional characteristics [30] . MP3 compression is such an example and is often used to speed up downloads and streaming by discarding less audible parts of the sound due to simultaneous and temporal masking [31, 32] . But due to the lossy nature of MP3 compression, the sound is altered. The artifacts of MP3 compression are audible when high compression rates (i.e., low bit rates) are used [33] [34] [35] [36] [37] [38] [39] [40] . These artifacts change the timbre of the sound more and more with higher compression rates [41] . In particular, MP3 compression adds quantization jitter to the amplitude envelopes, making the
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spectrum more dynamic and increasing spectral incoherence. Some instruments such as the saxophone are much more effected than the others such as the horn [41] .
The topic of the current paper is to determine how these MP3 artifacts change the emotional characteristics of the sound. Even though many previous studies have considered the relationship between music emotion and timbre, the relationship between music emotion and MP3 compression is still unexplored. In light of this, one might wonder how much MP3 compression affects the emotional characteristics of musical instruments. In particular, do all emotional characteristics decrease about equally with more compression, or do some increase and others decrease? Are any emotional characteristics relatively unaffected by compression? Which instruments change the most or least with more compression?
Major music streaming service providers, such as Spotify, use MP3 compression and typically allow users to select the quality for streaming and downloads. The quality ranges from lower to higher quality bit rates for MP3 compression and includes an automated option for selecting the bit rate adaptively depending on the speed of the connection. Lower quality bit rates download faster, especially when the connection is poor, and are therefore popular and often automatically chosen. But, a lower quality bit rate means the music quality has been somewhat compromised.
One way to study the effects of MP3 compression is to compare a number of short pieces of music with varying amounts of MP3 compression. A disadvantage with this approach is that the emotional effects of the artifacts might be somewhat obscured by the activity of the music with its different notes, instruments, and textures. For this preliminary study, we have chosen to focus on single instrument tones where MP3 artifacts will be most exposed and obvious. This is actually a rather useful approach since many pieces of music feature a solo instrument prominently. For example, any piece by John Coltrane will automatically feature a prominent saxophone. It would be useful to know how the emotional characteristics of the saxophone in particular are affected by any MP3 compression of his music. This study will give listeners and music streaming service providers some preliminary benchmarks for understanding the emotional effects of MP3 compression on music. It will help quantify how much the emotional characteristics of particular musical instruments such as the saxophone have been changed by MP3 compression and will give an indication of whether these changes are acceptable or not for particular bit rates and instruments.
RESEARCH METHODOLOGY

Overview
We conducted a listening test to compare pairs of original and MP3 compressed instrument sounds over different emotional categories. This research follows a similar basic methodology as the research by Wu et al. [20] [21] [22] [23] , Chau et al. [24] [25] [26] , and Mo et al. [29] but using MP3 compressed stimuli. Paired comparisons were chosen for simplicity. This section gives further details about the listening test.
Instrument Sounds
We used eight sustained instrument sounds: bassoon (bs), clarinet (cl), flute (fl), horn (hn), oboe (ob), saxophone (sx), trumpet (tp), and violin (vn). The sustained instruments are nearly harmonic, and the chosen sounds had fundamental frequencies close to Eb4 (311.1 Hz). All eight instrument sounds were also used by a number of other timbre studies [40] [41] [42] [43] [44] [45] [46] [47] [48] . Using the same samples makes it easier to compare results. Most of the instrument sounds came from the McGill University instrument sound collection.
Compressed sounds were encoded and decoded using the LAME MP3 encoder [49] . Instrument sounds were compressed with three different bit rates. As a preliminary step, we listened to the sounds compressed at different bit rates and judged that 112 Kbps sounds were the lowest bit rate that sounded nearly indistinguishable from the original sounds. Sounds at 32 Kbps had obvious artifacts. We selected 56 Kbps as an intermediate bit rate, representing medium quality between indistinguishable and obvious artifacts (i.e., some artifacts). Though these particular bit rates may not be as common in practice, they are representative of the basic levels of compression. These three bit rates also gave near-perfect (for 32 Kbps), intermediate (for 56 Kbps), and near-random (for 112 Kbps) discrimination results in a previous discrimination study of these MP3-compressed musical instrument sounds [40] , meaning listeners in that study could nearly always notice a difference between the original sound and a 32 Kbps compression, sometime notice a difference for 56 Kbps, and were unable to reliably notice a difference for 112 Kbps.
Emotional Categories
The subjects compared the stimuli in terms of ten emotional categories: Happy, Heroic, Romantic, Comic, Calm, Mysterious, Shy, Angry, Scary, and Sad. Some choices of emotional characteristics are fairly universal and occur in many previous studies (e.g., Happy, Sad, Scary/Fear/Angry, Tender/Calm/Romantic) roughly corresponding to the four quadrants of the Valence-Arousal plane, but there are lots of variations beyond that [50] . For this study, we used the same categories we have used in our previous research on musical instruments [20] [21] [22] [23] [24] [25] [26] 29] . The ratings of the emotional categories according to the "Affective Norms for English Words" [51] are shown in Fig. 1 using the Valence-Arousal model. Valence shows the positiveness of an emotional category; Arousal shows the energy level of an emotional category. Romantic, Happy, Comic, and Heroic form one cluster, and Scary and Angry another. Though Scary and Angry are similar in terms of Valence and Arousal, they have distinctly different meanings. Likewise with Romantic, Happy, Comic, and Heroic.
Listening Test
There were 20 undergraduate students hired for the listening test. All subjects were fluent in English and were undergraduate students at the Hong Kong University of Science and Technology, where the medium of all instruction is English. None of the subjects reported any hearing problems. Subjects were not musically-trained subjects (e.g., recording engineers, professional musicians, or music conservatory students) but average attentive listeners.
The subjects were provided with an instruction sheet containing definitions of the ten emotional categories from the Cambridge Academic Content Dictionary [52] . The dictionary definitions we used in our experiment are shown in Table 1 . Every subject made paired comparisons between the sounds (see user interface in Fig. 2 ). The test asked listeners to compare four types of compressed sounds for each instrument over ten emotional categories. During each trial, subjects heard a pair of sounds from the same instrument with different types of compression (no compression, 112 Kbps, 56 Kbps, and 32 Kbps) and were prompted to choose which sounded stronger for given emotional characteristics. This method was chosen for simplicity of comparison, since subjects only needed to remember two sounds for each comparison and make a binary decision. This required minimal memory from the subjects and allowed them to give more instantaneous responses [24, 43] . Each combination of two different compressions was presented for each instrument and emotional category, and the listening test totaled P 4 2 × 8 × 10 = 960 trials. For each instrument, the overall trial presentation order was randomized (i.e., all combinations of compressed bassoon sounds were in a random order, then all the clarinet comparisons, etc.). However, the emotional categories were presented in order to avoid confusing and fatiguing the subjects. The listening test took about 2 hours, with a short break of 5 minutes after every 30 minutes to help minimize listener fatigue and maintain consistency.
The subjects were seated in a "quiet room" with 39 dB SPL background noise level (mostly due to computers and ventilation). The noise level was reduced further with headphones. Sound signals were converted to analog by a Sound Blaster X-Fi Xtreme Audio sound card and then presented through Sony MDR-7506 headphones at a level of approximately 78 dB SPL. The Sound Blaster DAC utilizes 24 bits with a maximum sampling rate of 96 kHz and a 108 dB S/N ratio. We felt that basic-level professional headphones were adequate in representing the sounds for this test. A big advantage of the Sony MDR-7506 headphones is their relative comfort in a relatively long listening test such as this one, especially for subjects not used to tight-fitting studio headphones.
LISTENING TEST RESULTS
For the listening test, subjects compared pairs of original and compressed instrument sounds for each of the ten emotional categories. The subjects' responses were checked for consistency. Consistency was defined based on the two comparisons of a pair of sounds A and B for a particular instrument and emotional category as follows:
where v A and v B are the number of votes a subject gave to each of the two sounds. A consistency of 1 represents perfect consistency, whereas 0.5 represents approximately random guessing. The mean average consistency of the 20 subjects was 0.795. Subjects were fairly consistent in their responses. That is, subjects voted for the same tone in both comparisons (AB and BA) about 80% of the time. We measured the level of agreement among the subjects with an overall Fleiss' Kappa statistics. It was calculated at 0.22, indicating a fair agreement among subjects [53] . We ranked the compressed sounds by the number of positive votes they received for each instrument and emotional category and derived scale values using the Bradley-TerryLuce (BTL) statistical model [54, 55] . For each instrumentcategory pair, the BTL scale values for the original and three compressed sounds sum to 1. The BTL value for each sound is the probability that listeners will choose that compression rate when considering a certain instrument and emotional category. For example, if all four sounds (the original and three compressed sounds) are judged equally happy, the BTL scale values would be 1/4=0.25. We also derived the corresponding 95% confidences intervals for the compressed sounds using the method proposed by Bradley [54] . Figs. 3 to 12 show the BTL values and corresponding 95% confidence intervals for each emotional category. Though there is some variation, the trend generally decreased with more compression for positive-Valence categories such as Happy and increased for negative-Valence categories such as Sad. In order to examine the significance of the results, paired t-tests were conducted on the voting data. Table 2 shows the number of instruments that were significantly different from the original sound for each compression rate and emotional category. The table shows that there were almost no significant differences for 112 Kbps, some for 56 Kbps, and about half for 32 Kbps. This agrees with the results of Lee et al. [40] , which found low, medium, and high discrimination rates for the same bit rates.
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To understand which instruments and emotional categories were most and least affected by MP3 compression, Table 3 shows the number of compressed sounds that were significantly different from the original sound for each instrument and emotional category. Based on Table 3 , the trumpet was the most effected instrument, while the horn was by far the least effected instrument. Lee et al. [40] also found the MP3-compressed horn the most difficult to discriminate compared to the other instruments. Among the emotional categories in Table 3 , Happy was the most affected (though several other categories were close behind), and Angry was by far the least affected with no significant differences. Bs  Cl  Fl  Hn  Ob  Sx  Tp  Vn  differences over all instruments   Happy  2  3  1  0  2  1  1  0  10  Heroic  0  0  1  1  1  1  1  1  6  Romantic  0  0  1  0  0  0  1  1  3  Comic  1 
Sum of significant Emotional Category
To see which emotional categories were strengthen or weakened by MP3 compression, Fig. 13 shows how often the original instruments sounds were statistically significantly greater than the three compressed sounds. The values in Fig. 13 are different from the sum in the final column of Table 3 which counts any significant difference as +1 for both those significantly greater and those significantly less. In Fig. 13 , when a compressed sound is significantly greater than the original sound it is counted as +1, and when a compression sound is significantly less than the original sound it is counted as -1. So, sometimes these cancel. Therefore, a positive value indicates an increase in an emotional characteristic and a negative value a decrease. Again, Happy was the most affected emotional category and Angry the least. Emotional categories with larger Valence (e.g., Happy, Heroic, Romantic, Comic, Calm) tended to decrease with more MP3 compression, while emotional categories with smaller Valence (e.g., Mysterious, Shy, Scary, and Sad) tended to increase with more MP3 compression. As an exception, Angry was relatively unaf- fected by MP3 compression for the compression rates we tested.
DISCUSSION
The goal of our work was to understand how emotional characteristics of instruments vary with MP3 compression. Based on Table 3 and Fig. 13 , our main findings are as follows:
1. Neutral and negative emotional characteristics (Mysterious, Shy, Scary, and Sad) increased with more MP3 compression in the samples we tested (see Fig. 13 ). 2. Positive emotional characteristics (Happy, Heroic, Romantic, Comic, and Calm) decreased with more MP3 compression in the samples we tested (see Fig. 13 ). 3. Angry was relatively unaffected by MP3 compression for the rates we tested (see Fig. 13 ). 4. MP3 compression effected some instruments more and others less. The trumpet was the most effected and the horn by far the least (see Table 3 ).
We should emphasize that these results apply to basiclevel professional headphones, and that higher-quality professional headphones could perhaps show even more pronounced differentiation.
As a possible explanation for these results, perhaps quantization jitter introduced into the amplitude envelopes by MP3 compression decreased positive emotional characteristics such as Happy, Heroic, Romantic, Comic, and Calm while increasing others such as Mysterious and Scary by changing the quality of the sounds to be somewhat different and unnatural. Lee et al. [41] previously noted an increase in spectral incoherence in MP3-compressed sounds and attributed it to quantization jitter in the amplitude envelopes. More jitter makes the spectrum more dynamic, thus increasing spectral incoherence. Indeed, the artifacts introduced by MP3 compression in these instruments, especially at 32 Kbps, added an audible background "growl" to the sounds, so it is easy to imagine why listeners perceived them as more Mysterious or Scary.
Among instruments, the horn was by far the least effected. This suggests that the horn is less sensitive to deterioration caused by MP3 compression. This makes sense since the original horn had much less spectral incoherence than the other instruments [40] , so quantization jitter had less impact on its already smooth amplitude envelopes. Conversely, the trumpet was the most effected instrument, and it had about the highest level of spectral incoherence. The dynamic spectra of the sound seems to have accentuated the added variations of quantization jitter.
However, we should emphasize our results are for basiclevel professional headphones. We informally compared the compressed sounds on higher-quality professional headphones (Sennheiser HD25-1 and AKG K240 MKII) where the level of detail in the artifacts and instrument sounds were more than in the Sony's. We also compared the sounds on standard iPhone earphones where the level of detail in the artifacts was similar to the Sony's though not as good for listening to the sounds in isolation.
It was interesting that though Scary and Angry are very close to each one another in terms of Valence and Arousal (see Fig. 1 ), yet Scary significantly increased with more compression while Angry was relatively unaffected. The results indicate that they were interpreted as distinctively different emotional characteristics by listeners.
Based on these results, one might wonder whether the change in emotional characteristics we observed for individual instrument sounds is indicative of how MP3 compression would change different types of music. Is music with positive emotional characteristics such as Happy, Heroic, Romantic, Comic, or Calm more likely to be degraded by MP3 compression, while music that is Mysterious, Shy, Scary, or Sad actually reinforced to some degree in these characteristics? Is Angry music in general much less affected by MP3 compression? It will be interesting to explore these questions in future work. It will also be useful to investigate how other compression methods such as Advanced Audio Coding (AAC) compression change the perceived emotional characteristics of instrument sounds and music.
In conclusion, this study has investigated the impact of MP3 compression on the emotional characteristics of musical instruments that has not been explored previously. Our work quantifies how much the emotional characteristics of instruments such as the saxophone have been changed by MP3 compression and gives an indication of whether these changes are acceptable for particular bit rates and instruments. We believe that in addition to subjective quality evaluations [31, [37] [38] [39] 56] and discrimination measures [40, 41] , changes in emotional characteristics can provide an additional metric for audio codec evaluation. Other than subjectively evaluating the quality loss of compressed sounds, or the changes in the timbre space, our study gives another perspective in evaluating the effect of lossy audio compression by considering the changes in the space of emotional characteristics.
The current study also helps provide the basis for contentbased refinements of audio codecs in the future. As an example, if we know that the trumpet is particularly changed in emotional characteristics by compression at 32 Kbps, if we have a piece by Miles Davis with a prominent trumpet throughout, we may decide to use a higher bit rate to encode it. Or, future research may indicate how the trumpet could be compressed at 32 Kbps without substantially changing its emotional characteristics.
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